Abstract: Advanced composite materials are widely used as marine current turbines due to their high strength-to-weight ratios and excellent resistance to corrosion. A novel manufacturing approach similar to filament winding has been developed and is able to produce the Composite Material Marine Current Turbines (CMMCTs) that have significant advantages over traditional designs. This paper presents numerical results investigating the performance of ducted CMMCTs. The numerical approach was performed using CFD in a free stream of water with various hydrodynamic flow conditions. The investigation results provide an insight into the hydrodynamic design and operation of CMMCTs.
Introduction
Due to the world's increasing electricity demand and environmental concerns, a vast amount of research and related technologies have been extensively developed to improve the thermal efficiency of power consuming energy systems [1, 2] . On the other hand, renewable and sustainable energy systems have become more and more attractive because they have less impact on the environment than conventional energy systems [3] . These alternatives include solar, wind, ocean, hydropower, and geothermal resources. Marine currents, which are generated from tidal movements and ocean circulation, offer a huge untapped potential to produce a large amount of sustainable power [4] . Marine current energy has been found to be the most * E-mail: jwang94@illinois.edu promising option for massive ocean-energy generation in the near future [5] . In 2003, the world's first commercialscale marine current turbine with a power rating of 300 kW was successfully installed by Marine Current Turbines (MCT) Ltd and IT-Power [5] . In the long term, the total potential for ocean energy production is equal to that of onshore wind energy [6] . While marine energy systems are currently at the proof-of-concept stage and still under development, the axial three-bladed turbine is by far the most dominant concept in the wind industry [7, 8] .
The marine environment is considerably more hostile than the low-level atmospheric conditions encountered by wind turbines; this is largely due to the greater density of water, which is approximately 1000 times that of air. Therefore, the system's structure and its anchoring must be designed to withstand the large hydrodynamic forces it will encounter in order to endure [9] . Since seawater is a saline solution where any metallic components will have to be protected, corrosion is another serious consideration [9] . Thus, there is an increased interest in the use of composites as alternative materials. Developed and automated in the Turbomachinery Laboratory at Michigan State University, a novel manufacturing approach similar to filament winding is able to produce the composite wheels in different configurations (Fig. 1) . The advantage of using a filament winding method to manufacture high-performance and light-weight composite marine current turbines is that the production can be rapid, inexpensive and utilize commercially available winding machines [10] [11] [12] . Achieving satisfactory performance from the novelly designed marine current turbines requires a complete understanding of the influence of rotating speed, as well as orientation in an array when considering multiple turbines. Three dimensional CAD and CFD tools integrated with traditional computational tools for design and manufacturing are used to evaluate these effects. 
CFD simulation
The numerical simulation done using the commercial CFD code FLUENT employed the finite volume formulation with a non-structured mesh. Zoran Čarija compared data calculated using FLUENT with measured values covering the entire operating range of a 20 MW Francis turbine in order to validate the CFD simulation [13] . It was observed that all computed hydraulic characteristics that were obtained from CFD showed very good conformity with values and trend-lines of measured characteristics over the whole operating range. Rao and Sivashanmugam presented an investigation comparing experimental and CFD FLUENT simulation results on power consumption in new energy saving turbine agitators, and showed that CFD-based predictions of power are very close to the experimental values [14] . Based on the agreement between CFD simulation and experimental results, FLUENT was utilized to study the power generation of CMMCTs.
One of many possible wound composite wheel patterns was selected; this particular wheel has the pattern designation 8B. Its shape is very different from a conventional turbine. The main parameters of the ducted turbine unit modeled are shown in Table 1 , which is based on the numerical investigation results by Gaden and Bibeau. Fig. 2 displays the model of the wound wheel. In this study, preprocessing codes for NX and Gambit were used to create the single CMMCT unit, which includes a nozzle, a wound turbine wheel, and a diffuser, all in a free stream. When flow characteristics involving rotating machinery are analyzed, a relative coordinate system is generally adopted because it allows for convenient application of boundary conditions and the steady state solver. The velocity inlet and pressure outlet bondary conditions were employed, and the symmetry boundary condition was used for the side walls of the computational domain cube due to the minimally disruptive nature of the flow (Fig. 3) . In FLU-ENT, no defining surfaces are considered walls [15] . Since Navier-Stokes equations are solved inside the domain, the no-slip boundary condition is applied to all walls in the domain. For the computational domain itself, unstructed 3D tetrahedral meshing has been employed due to its flexibility when solving in complicated geometries such as those in this study. In order to accurately simulate the flow between turbine blades, further mesh refinement is required within the flow passages. The total mode mesh size utilized 1,123,613 elements after careful mesh independence testing in order to obtain converged results. In this study, the mass flow rate and momentum change for a convergence tolerance of 10
were monitored. When the residuals stay at or below this number and do not change as the iterations continue, it can be concluded that the Fig. 4 shows the mesh density differences between the turbine, nozzle, diffuser, and free stream cube. 
Governing equations
CFD is fundamentally based on the governing equations of fluid dynamics. They are mathematical statements of the conservation laws of physics where the following physical laws are adopted [16, 17] 1. Mass conservation for an incompressible fluid at steady state is where, the fluid velocity at any point in the flow field is described by the local velocity components( ) which are functions of location (x,y,z) and time (t).
2. Newton's second law: the rate of change of momentum equals the sum of forces acting on the fluid. 
Turbulence modeling: Standard κ-ε model
As the most frequently used turbulence model in CFD codes, the standard − εmodel was used in the simulation. It uses the following equations for modeling the transport of turbulent kinetic energy ( ) and its rate of dissipation (ε):
The above equations contain 5 adjustable constants which have the following default values: 
Extracted Torque and power
The total power in the water available for extraction by the turbine is given as
where, ρ is the fluid density, A is the area swept by the turbine, and V is the free stream water speed. For a control volume at steady state, the law of moment of momentum can be employed:
where C u1 and C u2 are flow inlet and outlet velocities in the tangential direciton. Eq. 6 states that the sum of the moments of the external forces acting on the fluid temporarily occupying the control volume is equal to the net time rate of flux of angular momentum from the control volume. From Euler's equation the turbine's extracted power is given as follows:
where for an axial turbine r 1 =r 2 since there is no change between inlet and outlet radius. The extracted power coefficient is defined as follows: Table 2 shows the extracted power coefficient variation for different tip speed ratios, all of which are operating in a free streem with a speed of 2.5 m/s. The analyses reveal that the extracted power coefficient depends on the rotating speed of the turbine for a given inlet flow speed. However as can be seen in Fig. 5 , the relationship between them is nonlinear, and a peak extracted power coefficient exists for a given inlet flow speed. The efficiency goes to zero if the rotating speed is increased sufficiently, a condition called Freewheeling. This is when a turbine turns, but no torque/power is extracted. This may happen if the brake system is off and the turbine is either disconnected from a load, or the power electronics have not yet initiated grid connection and synchronization. Without an external power source, a turbine cannot rotate faster than its freewheeling speed [18] . Therefore, to extract the maximum power for a specific ambient water speed, the CMMCT unit should be rotating at the appropriate speed according to the tip speed ratio. It is known that the inlet nozzle speed is typically less than the undisturbed free flow speed of the water current. The reduced nozzle speed is a result of the flow resistance that the turbine unit imposes. Therefore, the average flow speed at the nozzle inlet is a value between 0% and 100% of the undisturbed free flow speed, where 0% signifies a fully closed turbine (no flow at infinite resistance), and 100% signifies the theoretical maximum speed with zero resistance (frictionless pipe of zero wall thickness). To produce power, the turbine needs to have a through-flow and a pressure difference (appearing as resistance) across the turbine wheel in order to drive it. The power increases with the product of volume flow and pressure difference, which naturally prompts an optimization process.
Numerical results

Single CMMCT Unit in a free flow
The simulation was done for a free flow of water at 2.5 m/s, 3.5 m/s and 4 m/s undisturbed flow speed (Table 3 ). In this free flow model, the nozzle inlet velocity was not prescribed as a boundary condition, but allowed to develop freely according to flow resistance of the turbine unit that corresponds to its extracted power. For this particular design of the turbine unit, the chosen rotational speeds (rpm), and the three simulated free flow speeds, the respective nozzle inlet velocities were found to be 0.83 m/s, 1.16 m/s, and 1.37 m/s. While the nozzle inlet speed of 1.16 m/s corresponds here to a 3.5 m/s free flow speed, it is noted that in the free flow simulation the rotational speed of the turbine was set to 14 rpm, and hence the larger extracted power of 524 kW. Fig. 6 shows path line diagram of a single CMMCT unit placed in a free flow of 2.5 m/s. It was observed that the flow speed is increased to greater than free flow speed just before entering the turbine wheel itself due to the nozzling effect of the duct. This means that more mass flow can be drawn by the turbine compared the one without a nozzle, and therefore more power can be extracted. This forms the basis for increasing the extracted power using a ducted turbine. 
Array of 10 CMMCT Units in free flow
Following the modular concept of the FTE Tidal System-SEACATS, a new model consisting of 10 turbine units, each exactly the same as the one modeled perviously, were arranged in an array shown in Fig. 7 . and the array was modeled in a free flow cube of 50x36x60 m 3 (Fig. 8) . It is understood that the number, arrangement, and casing can be changed for particular applications and for optimization. Fig. 9 shows the mesh density difference between the CMMCT array and free stream cube. Again, the same three free flow speeds of 2.5 m/s, 3.5 m/s and 4 m/s were set as the cube inlet speeds, and all subsequent flow speeds were allowed to develop freely in the simulations (Fig. 10) . As expected, the power output of such an array was found to be larger than the respective multiple of a single turbine unit due to the enhanced damming effect of the combined structure (Table 3 ). This indicates that compared to a single turbine unit, additional turbines in an array create a blockage effect that causes a net increase in the mass flow through the system, and therefore an increase in power generation. 
Conclusions
A novel manufacturing approach is able to produce the CMMCTs, which have significant advantages over traditional designs. A numerical simulation using CFD was investigated in order to help this new technology succeed in extracting more ocean current energy. It has the advantages of reduced cost in manufacturing, installation, and maintenance. The presented study shows the results from numerical simulations for one particular example of a wound turbine unit with a 4 m diameter, as it could be adopted as a modular axial marine current turbine. Simulations were completed for a single CMMCT unit under independent operation, and for an array of ten CMMCT units working in unison. Both systems were tested in three different free flow speed conditions of 2.5 m/s, 3.5 m/s and 4.0 m/s, and the results show significant power extraction, particularly for the 10 turbine array. The results provide a fundamental understanding of the composite wheel as a marine current turbine, and this design method is used to shorten the design period and improve the turbine's performance. Further refinement of this system will be to change number of blades, blade angle, and blade shape for optimizing the turbine's performance in order to extract more ocean current energy. Additionally, there are plans to perform experiments in a water tow tank where the water speed can be controlled to determine different values of extracted power and optimize the CMMCT design.
